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Epigenetic modifications are closely associated with embryo developmental potential. One of the epigenetic modifications thought to be
involved in genomic imprinting is DNA methylation. Here we show that the maternally imprinted genes Snrpn and Peg1/Mest were nearly
unmethylated or heavily methylated, respectively, in their differentially methylated regions (DMRs) at the two-cell stage in parthenogenetic
embryos. However, both genes were gradually de novo methylated, with almost complete methylation of all CpG sites by the morula stage in
parthenogenetic embryos. Unexpectedly, another maternally imprinted gene, Peg3, showed distinct dynamics of methylation during
preimplantation development of diploid parthenogenetic embryos. Peg3 showed seemingly normal methylation patterns at the two-cell and
morula stages, but was also strongly de novo methylated in parthenogenetic blastocysts. In contrast, the paternally imprinted genes H19 and
Rasgrf1 showed complete unmethylation of their DMRs at the morula stage in parthenogenetic embryos. These results indicate that diploid
parthenogenetic embryos adopt a maternal-type methylation pattern on both sets of maternal chromosomes and that the aberrantly homogeneous
status of methylation imprints may partially account for developmental failure.
© 2007 Elsevier Inc. All rights reserved.Keywords: Embryo; Early development; Parthenogenesis; DNA methylation; ImprintingGenomic imprinting, a specific genetic mechanism in mam-
mals, plays important roles in the regulation of fetal growth,
development, placental function, and postnatal behavior [1–3].
It endows some genes with different “imprints,” which lead to
their differential expression in fetuses and/or placenta and
regulate the transfer of nutrients to fetus and placenta from the
mother [4].
The establishment of genomic imprinting is controlled by
DNA methylation, histone modifications, noncoding RNA, and
specialized chromatin structure; DNA methylation is thought to
be a major factor [5–8]. Specific DNA methylation in the
differentially methylated regions (DMRs) of parental origin
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doi:10.1016/j.ygeno.2007.10.005alleles and leads to monoallelic expression of imprinted genes
[9].
Uniparental fetuses, including parthenotes and androgenotes,
show disrupted expression of several imprinted genes, such as
Snrpn, Peg3, H19, and Gtl2 [10,11]. Studies in mouse uni-
parental embryos have revealed that the paternal genome is more
important for the development of the extraembryonic tissues,
while the maternal genome is more essential for fetal
development. These distinctive differences are the result of
genomic imprinting [12].
Parthenogenetic fetuses die by day 10 of gestation [13].
Likely, the cloned animal fetuses exhibit a high rate of
developmental abnormalities due to inefficient epigenetic
reprogramming of the donor nucleus within enucleated oocytes
[14–16]. The aberrant epigenetic modifications caused by
inefficient reprogramming severely undermine the develop-
mental potency of cloned embryos [15,17,18]. But to date, our
122 J.-H. Liu et al. / Genomics 91 (2008) 121–128knowledge about the molecular mechanism of epigenetic
reprogramming is still very limited [19]. Compared to the
laborious manipulation of somatic cell nuclear transfer, the
mouse parthenogenetic embryo is a most suitable alternative to
study the events of methylation imprints. Similar to mouse
parthenogenetic embryos, the aborted cloned bovine fetus also
exhibits disrupted expression of imprinted genes and aberrant
methylation imprints [20,21]. To obtain further insight into the
dynamics of methylation imprints during development of
diploid parthenogenetic mouse embryos, we determined the
methylation status of DMRs of three maternally imprinted
genes and two paternally imprinted genes using bisulfite
mutagenesis sequencing methods.
Results and discussion
Diploid parthenogenetic preimplantation embryos adopt a
maternal-type methylation pattern on both sets of
maternal chromosomes
We tested the methylation patterns of three maternally
imprinted genes, Snrpn, Peg1/Mest, and Peg3, and two
paternally imprinted genes, H19 and Rasgrf1, during
preimplantation development of diploid parthenogenetic
embryos. Snrpn, Peg1/Mest, and Peg3 showed different
methylation dynamics, but all of them exhibited a high
methylation level in their DMRs by the morula (Snrpn, Peg1/
Mest) or blastocyst stage (Peg3) (Figs. 1 and 2). Specifically,
compared to normal hemizygous methylation patterns with
61.5% (8/13) of hypermethylated strands in in vivo fertilized,
in vitro cultured control, the Snrpn DMR was severely
hypomethylated, with 0% (0/14) hypermethylated strands,
and the highest strand methylation level was only 37.5% in
the two-cell-stage diploid parthenogenetic embryos. The
Snrpn DMR is completely methylated in mature oocytes
[22]. Here we proved that Snrpn lost its methylation imprint
in two-cell parthenogenetic embryos (Fig. 1A). Unexpectedly,
Snrpn cannot maintain its methylation imprint in normal
fertilized pronuclear stage embryos, either [23]. These results
suggest that epigenetic programming can erase the methyl-
ation imprint of Snrpn at early stages of preimplantation
development.
In contrast to Snrpn, Peg1/Mest exhibited heavy methylation
of DMR at the two-cell stage in diploid parthenogenetic
embryos, with 100% (15/15) hypermethylated strands, and the
lowest strand methylation level was 79%, similar to a recent
report [24]. In in vivo fertilized, in vitro cultured morula
embryos, Snrpn and Peg1 showed the right hemizygous
methylation patterns with 57.1 (8/14) and 53.3% (8/15)
hypermethylated strands, respectively. However, morula-stage
parthenogenetic embryos showed high methylation of the
Snrpn DMR, with 100% (8/8) hypermethylated strands, and
complete methylation of the Peg1/Mest DMR, with 100% (11/
11) hypermethylated strands, indicating that diploid partheno-
genetic embryos have the capacity to restore the methylation
imprints of Snrpn and Peg1/Mest on two sets of maternal
chromosomes (Fig. 1B). Heavy methylation of maternallyimprinted genes may account for the low expression of Snrpn
and Peg1/Mest in parthenogenetic fetuses (E9.5) [11].
Unexpectedly, Peg3 showed hemizygous methylation
patterns in two-cell- and morula-stage diploid parthenogenetic
embryos. As shown in Fig. 2, the percentage of stands
displaying a hypermethylated pattern of the Peg3 DMR was
33.3% (5/15) at the two-cell stage, 46.7% (7/15) at the morula
stage, and 86.7% (13/15) at the blastocyst stage in diploid
parthenotes. In the control group, the percentage of stands
displaying a hypermethylated pattern of the Peg3 DMR was
0% (0/15) at the two-cell stage, 50% (5/10) at the morula
stage, and 50% (8/16) at the blastocyst stage. These data
indicate that Peg3 is strongly de novo methylated during
preimplantation development of parthenogenetic embryos.
Eleven of 15 clones of Peg3 showed relatively strong
incomplete methylation in diploid parthenogenetic blastocysts.
However, the absence of Peg3 expression in parthenogenetic
fetuses at E9.5 suggests that the Peg3 DMR may be further
de novo methylated after implantation, because some
evidence shows that partial demethylation of the Peg3
DMR will reactivate the silent maternal allele [11,25].
The Peg3 DMR is completely methylated in MII oocytes
[22]. It appears that Peg3 can be normally programmed in
diploid parthenogenetic embryos at the two-cell and morula
stages, but how its methylation imprint of some alleles is erased
is still puzzling. It would be interesting to use single-nucleotide
polymorphism to reveal the methylation programming process
of Peg3 in detail.
In contrast to the dynamic methylation changes of
maternally imprinted genes, the paternally imprinted genes
H19 and Rasgrf1 were nearly completely unmethylated by
morula stage, with 0 (0/10) and 0% (0/13) hypermethylated
strands, respectively (Fig. 3). Unexpectedly, the H19 and
Rasgrf1 DMRs were also unmethylated in in vivo fertilized,
in vitro cultured two-cell embryos, which contradicts the
current knowledge describing maintenance of germ-line
methylation imprints in preimplantation embryos [22,23,26].
To explore the possible reasons, we further tested the
methylation status of H19 and Rasgrf1 in in vivo two-cell
embryos and found that in vivo embryos exhibited normal
hemizygous methylation patterns of H19 and Rasgrf1, with
57.1 (8/14) and 60% (9/15) hypermethylated strands,
respectively (Fig. 4). These data indicate that unmethylation
of H19 and Rasgrf1 DMRs in in vivo fertilized, in vitro
cultured embryos may be the result of in vitro manipulation and
culture [27–31]. The effect of in vitro manipulation and culture
may not be serious because the methylation imprints of H19
and Rasgrf1 can be restored by morula stage in in vivo
fertilized, in vitro cultured morula embryos, with 41.7 (5/12)
and 46.7% (7/15) of strands displaying a hypermethylated
pattern, respectively. Additionally, H19 and Rasgrf1 appear
vulnerable to losing methylation imprints, and this may be due
to the active demethylation taking place in the male pronucleus,
where some paternally imprinted genes were observed to lose
methylation imprints shortly after fertilization [32].Our data
proved again that methylation imprints are liable to be affected
by in vitro manipulation and culture.
Fig. 1. Cytosine methylation patterns of the DMRs of the maternally imprinted genes Snrpn and Peg1/Mest in diploid parthenogenetic and in in vivo fertilized, in vitro
cultured embryos. The methylation profiles of the DMRs of imprinted genes (A) Snrpn and (B) Peg1/Mest in two-cell- and morula-stage embryos are presented.
Scores for the methylation of each CpG were obtained by sequencing PCR clones derived from bisulfite-treated genomic DNA. Open and closed circles represent
unmethylated and methylated CpG's, respectively. Numbers in parentheses on the right of each strand represent the percentage of methylated CpG sites relative to total
CpG sites examined in each strand. Parthenote and Control represent diploid parthenogenetic embryos and in vivo fertilized, in vitro cultured embryos, respectively.
The same illustration was also applied to the following figures.
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ered to be maintained throughout development [22,23,26,33].
Differences in DNA methylation allow one to distinguish thematernal and paternal alleles of many imprinted genes [9,34].
Combining our results with previous reports, we conclude that
diploid parthenogenetic preimplantation embryos adopt a
Fig. 2. Variable methylation of the Peg3 DMR at different stages of preimplantation development in diploid parthenogenetic and in in vivo fertilized, in vitro cultured
embryos.
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chromosomes during preimplantation development [35,36].
The process of methylation imprint establishment during
preimplantation development is more dynamic than
previously thought
Methylation imprints are thought to be resistant to genome-
wide demethylation and steadily maintained during preimplan-
tation development [26,37–39]. But in our study, we found that
Peg3 exhibited unique methylation dynamics, not only in
diploid parthenogenetic embryos but also in in vivo embryos.
The Peg3 DMR was completely unmethylated in in vivo two-
cell embryos and in vivo eight-cell embryos and showed normal
hemizygous methylation patterns at the morula and blastocyst
stages, with 60% (6/10) hypermethylated strands (Fig. 5).
Interestingly, different from Snrpn and Peg1, Peg3 also showed
a hemizygous methylation imprint in two-cell and morula
diploid parthenogenetic embryos. What causes this difference?
Maybe it is related to the properties of each gene itself, such astrans-acting factors and cis-acting mechanisms [40–43].
However, the influence of these factors, including in vitro
manipulation, may not be essential or work only at specific
stages, because methylation imprints can still be reestablished
well by the morula stage. Our data presented here indicate that
the process of methylation imprint establishment during
preimplantation development is more dynamic than previously
thought [24].
Epigenetic programming is critical for normal development
of mammalian embryos, and errors will cause misexpression of
genes and aberrant development [5]. During preimplantation
development, the normally fertilized embryos show an
asymmetric distribution of global DNA methylation and H3
K4/K9 methylation, but diploid parthenogenetic embryos
exhibit the homogeneous patterns of these modifications, as
seen in the maternal chromosomes in the biparental fertilized
embryos [35,36]. These previous results, together with ours,
suggest that diploid parthenogenetic embryos undergo epige-
netic modifications like the female genomes in biparental
embryos, which supports the idea that failure of parthenogenetic
Fig. 3. DNA methylation of the paternally imprinted genes (A) H19 and (B) Rasgrf1 during preimplantation development of diploid parthenogenetic and in vivo
fertilized, in vitro cultured embryos.
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aberrant cytoplasm and homozygosity, leading to the expression
of recessive lethal genes [12]. Based on these data it appears that
the genomes in oocytes and sperm may possess distinct
markers, which serve as important signal progenitors to initiate
epigenetic programming to remodel each genome and initiate
embryonic gene expression and early lineage development in
embryos [36,44,45].
Epigenetic modifications are closely associated with the
developmental potential [17]. Serial experiments completed byKono et al. [13,46,47] are strongly supportive of this idea. We
know that parthenogenetic fetuses (fgwt/fgwt) die by day 10 of
gestation, and parthenogenetic fetuses containing two haploid sets
of maternal chromosomes derived from nongrowing and fully
grown oocytes (ngwt/fgwt) can live to day 13.5 of gestation;
parthenogenetic fetuses with a deletion of 3 kb in H19 (ngH19Δ3/
fgwt) can survive to day 17.5 of gestation; parthenogenetic fetuses
with a deletion of 13 kb in H19 (ngH19Δ13/fgwt) can eventually
develop to adulthood with the ability to reproduce offspring
[13,46,47]. These experiments suggest that the larger the
Fig. 4. DNA methylation patterns of H19 and Rasgrf1 in in vivo two-cell
embryos.
Fig. 5. DNA methylation patterns of Peg3 in in vivo embryos.
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chromosomes, the higher the developmental potential of the
embryos. The facts that ngH19Δ13/fgwt parthenogenetic mice
showed a marked reduction in aberrant expression of imprinted
genes and ngwt/fgwt fetuses lived 3.5 days longer than fgwt/fgwt
fetuses allow the speculation that the marked difference in
epigenetic modifications between two haploids of chromo-
somes is a critical factor in the determination of developmental
potency.
We know that the high rate of developmental abnormalities
during animal cloning is thought to be due mainly to inefficient
epigenetic reprogramming [14,15,18]. In the present study, we
show that diploid parthenogenetic embryos adopt a maternal-type
methylation pattern on both sets of maternal chromosomes and
that the aberrantly homogeneous status of methylation imprints
may partially account for developmental failure. On the basis of
this result, we propose that the inefficient epigenetic reprogram-
ming during cloning may be mainly the result of the high
homogeneity of epigeneticmarkers in two sets of chromosomes in
the transplanted somatic cells. Our present work may provide
some helpful clues to improve nuclear transfer technology.
Materials and methods
Oocyte collection and parthenogenetic embryo production
All procedures described were reviewed and approved by the ethical
committee of the Institute of Zoology, Chinese Academy of Sciences. Kunmingstrain mice, widely used for scientific research in China, were used for
all experiments. Pregnant mare's serum gonadotropin (10 IU) and then hu-
man chorionic gonadotropin (hCG;10 IU) were injected into adult females at a
48-h interval, and females were then either mated with males to collect early
embryos or killed to collect ovulated oocytes at 15 h after the hCG injection. To
produce diploid parthenogenetic embryos by artificial activation, oocytes were
cultured in Ca2+-free CZB medium containing 10 mM SrCl2 (Sr
2+) for 4 h,
followed by culture in G1 medium (Vitrolife, Sweden) to the eight-cell stage,
and finally in G2 medium supplemented with 5% human serum albumin to later
stages in an atmosphere of 5% CO2 at 37 °C. During culture in the Sr
2+ medium
and following the first 2 h of culture in G1 medium, 5 μg/ml cytochalasin B was
added to induce diploidy by inhibiting the second polar body extrusion. To
produce in vivo fertilized, in vitro cultured control embryos, pronuclear zygotes
were collected from the oviducts at 17 h postcoitum and cultured in G1 and G2
media as described above. The in vivo control two-cell embryos, eight-cell
embryos, morulae, and blastocysts were collected from the oviducts at 45–48,
60, 70, and 80 h postcoitum, respectively.
Bisulfite treatment
Embryos (200 two-cell embryos, 50 eight-cell embryos, 20 morulae, and 10
blastocysts) were treated in lysis solution (0.5 M EDTA, pH 8, 2 mg/ml
proteinase K; Amresco) at 37 °C for 0.5 h and then stored at −20 °C. Bisulfite
treatment of genomic DNAwas carried out as previously described [48]. Briefly,
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with 4 volumes of 2% LMP agarose (Sigma) and pipetted into chilled mineral oil
to form two beads for 1.5 h on ice and then treated with freshly made bisulfite
solution (2.5 M sodium metabisulfite, Merck; 125 mM hydroquinone, Sigma;
pH 5) on ice for 0.5 h and at 50 °C for 16–18 h in the dark. The reactions were
stopped by equilibrations against 1 ml TE for 3×15 min. Following
desulfonation in 0.5 ml 0.3 M NaOH for 2×15 min, the beads were washed
with TE for 3×15 min and H2O for 2×15 min and then used for PCR or stored at
−20 °C for up to 1 week before use.
PCR amplification, cloning, and DNA sequencing
To obtain PCR products, two individual nested PCRs were performed using
one bead containing bisulfite-treated DNA in the first round PCR and 2 μl of the
first-round PCR products as template in the second round PCR. All reactions
contained 0.4 mM primers, 0.2 mM dNTP, 50 mM KCl, 10 mM Tris–HCl,
1.5mMMgCl2, and 1.25 units of rTaqHotstart polymerase (TaKaRa, Japan). The
PCRs were performed on a Peltier Thermal Cycler-100 (MJ Research) using the
following programs. The program for the first round was 1 cycle at 94 °C for
6 min; 35 cycles of 94 °C for 1 min, 45 (Snrpn, Peg3, H19) or 50 (Peg1/Mest) or
54 °C (Rasgrf1) for 2 min, 72 °C for 3 min; and 1 cycle of 72 °C for 10 min. For
the second round PCR, the program was 1 cycle at 94 °C for 5 min; 30 cycles at
94 °C for 40 s, 45 (Peg3, H19) or 47 (Snrpn) or 50 (Peg1/Mest) or 52 °C
(Rasgrf1) for 45 s, and 72 °C for 50 s, and 1 cycle at 72 °C for 10 min. Primers
used to test the Rasgrf1 DMR were as follows: outside forward, 5′-
AAGATAGTTTAGATATGGAATTTTGG-3′; inside forward, 5′-GATTTTT-
TAGAGAGTTTATAAAGTTAG-3′; and reverse, 5′-ATAATACAACAACAA-
CAATAACAATC-3′. Other primers were synthesized as previously described
[22]. All the PCR products obtained from the second round PCR were then
collected and gel-purified using the Wizard SV Gel and PCR Clean-Up System
(Promega, USA). Purified fragments were cloned into T vectors (TaKaRa). The
clones confirmed by PCR were chosen for DNA sequencing using an automatic
sequencer (ABI Prism-77). All experiments were repeated at least four times. The
sequences obtained were classified into two categories on the basis of their
methylated CpG content. The “hypermethylated” and “hypomethylated” classes
were defined as N50% of CpG sites on a given strand methylated or
unmethylated, respectively.Acknowledgments
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